I. Introduction
Ultra-wideband (UWB) systems occupy ultra wide bandwidth that has been assigned to other existent narrowband (NB) wireless applications; thus, NB applications degrade UWB ranging system performance or even cause it to malfunction [1] . The method of using non-linear chirp waveforms to suppress NBI has been proposed in [2] .
The UWB ranging system based on linear chirp waveform is discussed in [3] . In this letter, we propose a design method for non-linear chirp waveforms for the UWB ranging system with the ability to suppress narrowband interference (NBI). By simulation, we compare the performance of the linear chirp scheme and the proposed non-linear chirp schemes.
II. Chirp in Ranging Systems
A chirp waveform is modeled in [4] where c(t) is the envelop of the chirp signal, which is zero outside a time duration T s , and Ω(t) is the phase function. The instantaneous frequency of w(t) is defined as
The chirp rate is the derivative of f c (t): 
Because the UWB spectrum band inevitably overlays some NB applications, NBI suppression is required.
Non-linear Chirp
The instantaneous frequency f c (t) of a non-linear chirp waveform varies with a non-linear relationship over time t. In the proposed scheme, we force the instantaneous frequency to pass the central frequency of the NBI with the highest velocity. Thus, NBI will affect the proposed chirp scheme very little.
A. Sinusoidal Chirp Waveform
The instantaneous frequency of a sinusoidal chirp is given by 
The instantaneous frequency f c (t) comparison is shown in Fig. 1 . For the non-linear chirp, the maximum NBI suppression can be achieved at the instant when the absolute value of μ(t) reaches its maximum value, that is, 0 arg max ( ) .
We adjust f c (t 0 ) to the central frequency of the NBI (5.3 GHz), which means f c (t 0 )=f i . In the proposed design, f high =10.6 GHz, f low =3.1 GHz, and f m =(f high +f low )/2 are the highest, lowest, and central frequencies of the UWB spectrum band, respectively. A sinusoidal curve with a phase range of π and a center frequency of f i is adopted. To utilize the whole spectrum band, at least one of the two edge frequencies of the curve should be f high or f low . If f i is not equal to f m , the frequency range of the whole curve exceeds the UWB spectrum band. We truncate the curve to cover the frequency scope of 3.1 GHz to 10.6 GHz. Therefore, only the upper half and about one third of the lower half of the sinusoidal curve can be utilized. Parameters a and b can be generalized as follows:
With the same design principle, we can extend to the other three non-linear chirp waveforms. 
B. Hyperbolic Tangent (tanh) Chirp Waveform
The instantaneous frequency of a hyperbolic tangent (tanh) chirp waveform is given by 
C. Hyperbolic Arc Sine (asinh) Chirp Waveform
The instantaneous frequency of a hyperbolic arc sine (asinh) chirp waveform is given by
The waveform and the chirp rate are respectively given by 
D. Arc Tangent (atan) Chirp Waveform
The instantaneous frequency of an arc tangent (atan) chirp waveform is given by
The waveform and the chirp rate are respectively given by ( ) 
The instantaneous frequency and chirp rate are shown in Fig. 2 . At the corresponding instants when the instantaneous frequency curves cross the NBI central frequency of 5.3 GHz in Fig. 2(a) , the slopes of the curves, which are the chirp rates shown in Fig. 2(b) , achieve the highest absolute values. Therefore, the NBI contributes the least effect on the proposed schemes. The non-linear atan scheme has the highest |μ(t)| among all the schemes. The results are shown in Figs. 3 and 4. Figure 3 shows the performance of RER vs. SIR at an E b /N 0 of 14 dB. Figure 4 shows the performance of RER vs. E b /N 0 at an SIR of -20 dB.
The simulation results demonstrate that the proposed non-linear chirp schemes have lower RERs than the linear scheme. Also, the atan chirp has the best performance among all the waveforms; the sinusoidal chirp can achieve a lower RER than the linear scheme, though it has the worst performance among the four proposed non-linear chirp waveforms.
